A set of Mo, V, and W mixed-oxide samples with additives P and Cs showing high performance in selective partial oxidation of propene is studied by means of elemental mapping and crystal structure determination using scanning and transmission electron microscopy, energy-dispersive X-ray spectroscopy (EDS), and electron energy loss spectroscopy (EELS) as supplement to XRD measurements which are insufficient for phase determination. The set is divided into two subsets of samples denoted A and B, where subset A samples show the highest performance in selective partial oxidation of propene.
Introduction
The industrial and economic relevance of research in selective partial oxidation catalysts is clear as about one-quarter of all organic products produced worldwide are synthesized via catalytic selective partial oxidation reactions [1] . These industrial processes are in general highly developed, but might be improved through high-throughput design and testing. However, more fundamental insight and understanding about the catalytically active structures and their relations to the catalytic performance are necessary for improving catalysts for such industrial processes in an efficient way.
The Mars-van Krevelen mechanism is widely accepted for selective partial oxidation reactions. The mechanism describes the role of the so-called active "lattice" oxygen for selective partial oxidation [2] .
Coordinately unsaturated Mo atoms are suggested to act as adsorption sites for the alkenes under formation of an allylic intermediate [3 and 4] . Oxygen insertion occurs via a σ bond formation between the lattice oxygen and the allylic intermediate. The oxygenated product desorbs and leaves an oxygen vacancy at the catalyst surface [5] . This vacancy is reoxidized via oxygen diffusion through either the near-surface layer or the bulk. The nature of the lattice oxygen is yet not fully unraveled and it is still under debate which of the possible metal-oxygen species actually take part in the oxygen insertion reaction [3 and 6] , but it is clear that the diffusion kinetics are strongly affected by the elemental composition and geometric structures of the catalyst phases. Furthermore, the electronic properties of reduced molybdenum oxides, i.e., high electron density at the surface, may effect the oxygen activation.
Several MoVW-supported catalysts are currently used in industry for synthesis of acrylic acid [7, 8, 9, 10 and 11] and several publications deal with promoted MoVW oxide catalysts for acrolein oxidation [12, 13, 14 and 15] . These mixed Mo, V, and W oxide catalyst systems are rather unique in the sense that they reach high selectivities to acrylic acid of above 90% and simultaneously high acrolein conversions of also above 90%. Furthermore, the high activity and selectivity of these catalysts remain constant for a long time of operation in the industrial process. 3 Furthermore, selective oxidation catalysts have to discriminate, for example, between α-H atoms of aldehydes and vinylic hydrogen atoms. Again the metal-oxygen bond strength plays the key role.
Very strongly bound oxygens will unselectively activate C---H bonds, and very labile M---O groups will lead to total oxidation. Both types of oxygen bonds are present in MoO 3−x [20] . The optimization of the catalyst with respect to selectively H-abstracting and oxygen insertion may be found in the optimization of the metal-oxygen bond length. Promoters, e.g., V, Nb, Ta, and W, stabilize intermediate Mo oxides with proper metal-oxygen bond lengths such as Mo 5 O 14 . Furthermore, the catalyst must be optimized with respect to oxygen transferring functionalities according to the Marsvan Krevelen mechanism [21] .
The motif of the Mo 5 O 14 -type structure consists of five corner-sharing octahedrally coordinated metal centers forming a pentagonal bipyramid [22] . In Fig. 1 The oxygen-transferring functionalities at the atomic level are considered as motion of octahedral units reversibly changing their cross-linking. The activation energy and hence the reaction kinetics are optimized if the units can change the cross-linking independent of each other; i.e., the movements are decoupled in space and time. In this respect it is obvious that the Mo 5 O 14 -type structure is superior to conventional shear structures of metal oxides, such as Mo 3 VO 11−x and others, discussed in the literature [25, 26, 27, 28 and 29] as they require cooperative movements of chains of building blocks.
The basic structure, of course, must be preserved during the oxygen transfer and phase separation and crystallization avoided. Such structural catalytic deactivating processes have not been observed in the present samples after catalytic reaction.
High-resolution and analytical TEM is a powerful technique for providing local information of specimens with respect to defects, peripheral structure, and composition in the form of lattice fringe images and local EELS measurements. This information is a significant supplement to the information acquired from averaging techniques such as XRD which are more sensitive to the bulk structure and do not provide sufficient information of the catalytically relevant surface structures in the material.
A series of papers have been devoted to the deeper understanding of the relation between catalyst structure and catalytic performance in MoVW oxide catalysts [16, 17, 19 and 21] . In the present work the study of the high-performance catalysts for selective partial oxidation reveals a majority of the selective partial oxidation of propene by the means of high-resolution and analytical TEM. EDS analysis is performed on a Philips CM 200 LaB 6 electron microscope using a DX 4 analyzer system (EDAX) equipped with a Li-doped Si detector with a resolution of 140 eV at 5.9 kV.
Experimental
Elemental maps of molybdenum, vanadium, and tungsten are acquired by EDS in STEM mode in order to study the elemental distribution throughout the agglomerates. The elemental maps are acquired cumulatively from 256 frames resulting in a total acquisition time of ~ 1 h. 
Results

Morphology (SEM/TEM)
Microstructure (HRTEM/electron diffraction)
The atomic structures are studied by high-resolution TEM (lattice fringe images) and electron diffraction. The crystalline structures of the samples can be divided into two groups. One group is extremely beam sensitive. After less than 1 min of irradiation, the crystalline phases become completely amorphous. In Fig. 3a Both the very beam-sensitive crystalline structures and the more stable phases are found in all the studied material, both in subset A and subset B samples. The amount of the different crystalline phases is not estimated as HRTEM is not suitable for quantification of the crystalline structures. Here, it must be pointed out that XRD analysis is not well suited for detecting defective structures observed in the HRTEM images, in particular, in the particle periphery. In Fig. 6 an XRD pattern of the samples is shown. The main features in the patterns coincide for spectra acquired from subset A and subset B samples. However, the profile of the pattern does not give any unique phase determination. The typical XRD pattern is compared with measured spacings between lattice fringes in the high-resolution images of the samples. The broad spectrum of lattice spacings observed in the HRTEM images does not distinctively show up in the XRD powder spectrum. This indicates that XRD is an insufficient way to (quantitatively) characterize the present catalyst samples.
EDS mapping
Representative elemental maps of Mo, V, and W of a subset A sample and a subset B sample are shown in Fig. 7 and Fig. 8 , respectively. In general, the high Mo content shows as denser maps, as seen in Fig. 7 and Fig. 8 . The relative ratio between the metals in the oxide is revealed by comparing the Mo, the V, and the W map. In Fig. 7 the metals are seen to be equally distributed in the agglomerate, as no variations are observed in the maps indicating the absence of phase separation. No variations in the elemental distribution are observed in the subset B samples either ( Fig. 8) . However, the denser map in Fig. 8c compared to the map in Fig. 7c shows the higher vanadium content in the subset B agglomerates.
EELS measurements (ELNES)
The short lifetime of the electron beam-sensitive phase does not allow reliable EELS acquirements impeding spatial-resolved analytical characterization of this phase. In the following paragraphs only the irradiation stable phase is considered. 
Discussion
The results presented here emphasized the importance of characterizing the structure of catalyst material with methods more sensitive to defects or irregular structures as they might be of great importance in catalysis. Unfortunately, such methods are often more time consuming.
Chemical and elemental analysis by EELS is impossible of the very beam-sensitive structures as discussed above. The elemental composition of the amorphous material shown in Fig. 3b is most likely different from the crystalline structure shown in Fig. 3a. However, Fig. 3a and all other acquired lattice images and their FFT of the beam-sensitive phases support a cubic structure with lattice parameter, a≈2.2 nm. The crystal in Fig. 3a is then oriented with the [011] zone axis parallel with the electron beam. This beam-sensitive phase might be related to the general high catalytic performance of the studied samples, but as this phase is observed in both subset A and subset B samples, the differences in the catalytic performance of the two subsets are presumably not to be found in the beam-sensitive phase. 8 The crystalline structure of the catalyst samples studied in this work is predominated by the Mo 5 O 14 type, with no or a very small amount of the fully oxidized orthorhombic MoO 3 type, as no sign of this structure is found in the HRTEM images or electron diffraction patterns. Stoichiometric MoO 3 is previously found to be inactive in acrolein oxidation. However, oxygen defects in this structure lead to a MoO 3−x catalyst favoring total oxidation [6 and 18] . Hence, orthorhombic MoO 3−x structures in the catalysts decrease the average selectivity for partial oxidation of propene.
The mixed metal oxides are homogeneously distributed in the agglomerate with no significant phase separation according to the elemental maps. The higher vanadium content in the subset B samples observed in quantitative EDS analysis and EELS must be considered as homogeneously distributed in the samples on a scale resolvable with EDS mapping.
The ELNES is known to reflect the local electronic structure and is highly sensitive to the local environment [30 and 31] . The coincidence of the energy loss of the V L 2,3 edges and the shape of the white lines in the spectra acquired from subset A and subset B samples indicate that the chemical environment of the additional vanadium atoms in the subset B samples is identical to the vanadium atoms present in the subset A samples. From the intensity ratio between the V L 3 and the V L 2 white line the oxidation state of the vanadium is estimated to be mainly V IV . However, this estimate might be uncertain as the fingerprint spectra used for comparison of the white line ratio are acquired from pure vanadium oxides [32] . The O-K ELNES is superimposed by the fine structure from oxygen atoms bound to molybdenum, vanadium, and tungsten, with the sharp threshold at 530.9 eV assigned mainly to the Mo-bonded oxygen. The higher amount of vanadium-bound oxygen at the expense of Mo-and W-bound oxygen may cause the small difference in intensity found at 540 eV in the two spectra in Fig. 9 .
The structurally ill-defined phase observed at the surface of the core structure of the Mo 5 O 14 type in the TEM images could be highly relevant for the understanding of the catalytic performance of the present catalysts in light of the mechanisms discussed above. The structurally ill-defined phase may serve as the prominent phase for adsorption of the organic substrate under selective H abstraction and oxygen insertion due to a high number of active sites. Previous studies have shown the same illdefined structure encapsulating a Mo 5 O 14 -type structure in thermally and acrolein-activated MoVW catalysts [16, 17 and 19] . The core of Mo 5 O 14 -type structure is suggested to act as an oxygen buffer
due to its open structure of four-, six-, and sevenfold coordinated metal ions which allows oxygen diffusion to the surface as shown by XPS and RBS [16] .
The origin to the difference in the catalytic performance of subset A and subset B samples may not be found in the subnanometer regime as the Mo 5 O 14 -type structure is observed in all the samples. The optimization of the crystal size must be addressed considering both the area of the ill-defined surface structure and the size of the Mo 5 O 14 -type core. If the core is too small the reaction kinetics might be 9 limited by the reoxidation speed and the oxygen diffusion velocity. Hence, the optimum crystal size is the optimum ratio between structurally ill-defined surface and core (buffer) size. The difference in the morphology between the two subsets of catalysts studied in this work is reflected in the catalytic performance. The rough and porous surface of the subset A samples leads to a higher surface area of these samples. Furthermore, the crystal size observed in subset A catalysts might be closer to an optimum size, as the catalytic performance is better. However, the difference in the vanadium content in the two subsets might play a more direct role in the catalytic performance than the indirect role as a geometric promoter of MoVW-mixed oxides with P and Cs as additives.
HRTEM images of the high-performance selective partial oxidation catalysts support the model of structural well-defined crystals containing the motif of the Mo 5 O 14 -type structure, and more ill-defined surface structures of the crystals. The absence of orthorhombic MoO 3 structures in the samples and optimization of the crystal size highly increase the performance of the catalyst. The determination and understanding of the catalytic active phase will lead to a more distinct path toward better selective partial oxidation catalysts.
Conclusion
Characterization of high-performance selective oxidation catalyst based on mixed oxides of molybdenum, vanadium, and tungsten by electron microscopy and associated techniques reveals a high amount of substoichiometric oxides. The general high performance of the catalyst studied in this work is assigned to the absence of orthorhombic MoO 3 and the defective structure of the Mo 5 O 14 type observed in the samples. Furthermore, a structurally ill-defined phase is found at the surface of the Mo 5 O 14 -type cores. These types of structures highly relevant for the catalytic reactions cannot be fully revealed by bulk-sensitive techniques, such as XRD. The difference in the catalytic performance of the studied samples is to be found in the morphology of the samples rather than in the crystallographic structure.
Defective structures such as the present Mo 5 O 14 -type structure and the structurally ill-defined layer found on the surface of some of the crystals in the samples are not revealed in the corresponding XRD results, emphasizing the importance of using nonintegral techniques when studying structures fundamental in heterogeneous catalysis, such as surfaces. 
